Background: MASP-1 is considered as auxiliary, whereas MASP-2 is considered as a key protease in lectin-pathway activation. Results: MASP-1 inhibitor SGMI-1 and MASP-2 inhibitor SGMI-2 completely block lectin pathway activation; the MASP-2⅐SGMI-2 complex reveals structural plasticity. Conclusion: MASP-1 is a key component; MASP-2 functions through induced fit or conformational selection. Significance: The lectin pathway activation model is incorrect. SGMIs revolutionize studying and enable regulating the lectin pathway.
The complement system has three activating routes, the classical, the alternative, and the lectin pathway. These are triggered by distinct danger signals and are involved in different pathologies (1) . The three pathways culminate in the same effector route in a cascade like process in which associated zymogen proteases are activated and several key protein components are cleaved. The alternative route provides a positive feedback loop for all activation routes. Pathway-selective inhibitors would be excellent research tools to dissect the individual roles of each pathway in physiology and pathology. Such inhibitors could also lead to highly potent drugs that block only the pathology-related activation route while letting the other two fulfill their vital functions.
The lectin pathway is the most recently discovered and apparently the most complex complement pathway (2) . It has at least five different pattern recognition molecules: mannan-binding lectin (MBL), 7 three types of ficolins (L, H, and M), and collectin 11 (3) . Some of these recognition molecules can assume different oligomeric states, and there are three types of recognition molecule-associated proteases designated as MBL-associated serine protease (MASP-1), -2, and -3 (4). Moreover, there are two recognition moleculeassociated, non-enzymatic fragments of these proteases, MAp19 and MAp44 (5) . MASP-1, MASP-3, and MAp44 are alternative splice products of the MASP-1/3 gene (6), whereas MASP-2 and MAp19 are that of the MASP-2 gene (7) .
There are many fundamental questions about the activation mechanism and physiological/pathological functions of the lectin pathway. All these could be studied by selective inhibitors. In a recent paper we reported the first MASP-inhibitors developed by directed evolution of the 14-mer sunflower trypsin inhibitor (SFTI) (8) . That study led to SFMI-1 (sunflower MASP inhibitor-1) and SFMI-2. SFMI-1 inhibited both MASPs, although it was 15 times less potent against MASP-2 than MASP-1. SFMI-2 was MASP-2-specific. Both peptides turned out to be selective inhibitors of the lectin pathway, but unexpectedly, SFMI-1, the weaker MASP-2 inhibitor, was significantly more potent than SFMI-2. Higher potency of SFMI-1 suggested a significant contribution of MASP-1 to lectin pathway activation. By lacking a monospecific MASP-1 inhibitor, however, we could not quantify the importance of MASP-1.
Here we report the development via directed evolution of truly monospecific and more potent second generation MASPinhibitors. With these unique reagents we obtained significant new insights in the mechanism of lectin pathway activation and produced the first Michaelis-like complexes for lectin pathway proteases, MASP-1 and MASP-2. MASP-1 has a more open substrate binding cavity and requires only small conformational adjustments upon complex formation. On the other hand, for MASP-2, structural plasticity plays a major role in the substrate binding mechanism.
EXPERIMENTAL PROCEDURES
Reagents-The reagents were from Sigma and Merck. The MaxiSorp plates were from Nunc. The restriction endonucleases and all DNA modifying enzymes were from New England Biolabs and Fermentas.
Construction of SGMI Library-The Schistocerca gregaria protease inhibitor (SGPI)-based MASP-inhibitor (SGMI)-library phagemid is based on pKS-Tag-SGCI-p8, which was constructed from pBluescript II KS(Ϫ) (Stratagene), pMal-p2X (New England Biolabs), and the M13KO7 helper phage. The vector encodes a periplasmic signal; a FLAG epitope followed by a monovalently displayed SGPI-2 module (9) and the p8 coat protein. The FLAG-tag allows for assessing display bias. The library was produced in two successive mutagenesis steps (10) . First, pKS-Tag-SGCI-p8 was used as the template to produce pSGMI-STOP in which all codons to be randomized were replaced with stop codons (underlined) using the primer 5ЈGCGGTAGCGATGGCAAAAGCGCGTAATGCTAATA-ATAATAATGCTAACAGGGTACCGGTGGAGG3Ј. Then pSGMI-STOP was used as template for combinatorial mutagenesis. Stop codons were replaced with NNK degeneracy. N denotes nucleotides A, C, G, or T, and K denotes G or T. NNK codons represent a set of 32 codons covering all 20 amino acids. The mutagenesis primer was 5ЈGCGGTAGCGATGGCAAAAGCG-CGNNKTGCNNKNNKNNKNNKTGCNNKCAGGGTACCG-GTGGAGG3Ј. The phagemid library was electroporated into Escherichia coli to generate phage libraries (10) .
Preparation of MASP-1 and MASP-2 Catalytic FragmentsCatalytic fragments containing the CCP1-CCP2-SP domains of MASP-1 and MASP-2 were produced as recombinant proteins and purified as described (11, 12) . For crystallization of the MASP-2⅐SGMI-2 complex the CCP2-SP fragment was produced and purified as described (12) .
Selection of SGMI Library-MaxiSorp plates were coated with MASP-1, MASP-2, or anti FLAG-tag antibody. The protein concentration was 20 g/ml for MASPs and 2 g/ml for the antibody. Three selection rounds were carried out separately on each target, and the binding properties of individual SGMI-phage clones were tested by phage-ELISA (10) .
Sequence Analysis-SGMI-phage clones producing an ELISA signal on their target 3-fold above background (measured on BSA containing wells) were sequenced by the Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosystems). To eliminate the effects of display bias, MASP-1-and MASP-2-selected amino acid frequencies were normalized by data from the anti-FLAG-tag selected SGMI-phage population. A dataset of 100 sequences representing the normalized amino acid frequencies at each randomized position was generated and used as the input set for sequence logo generation by the WebLogo program (13) .
Expression and Purification of SGMI Variants-SGMI variants were expressed into the periplasm of E. coli as maltosebinding protein fusion proteins. The fusion protein was processed, purified to homogeneity, and analyzed by mass spectrometry as described (14) .
Inhibitory Constant (K I ) Measurements-Equilibrium inhibitory constants of the SGMI variants listed in Table 1 were determined on MASP-1 and MASP-2 as described (8) . Representative plots of K I measurements are shown in supplemental Fig. S1 .
Crystallographic Studies of MASP-2⅐SGMI-2 and MASP-1⅐SGMI-1 Complexes-The recombinant CCP2-SP fragment of MASP-2 and SGMI-2 was co-crystallized by the hanging-drop method at 20°C by mixing 2-3 l of protein solution (3.3 (17) with individual domains of the MASP-2 structure (PDB ID 1Q3X) and PMP-C structure (PDB ID 1GL1) as search models.
The recombinant CCP1-CCP2-SP fragment of MASP-1 and the SGMI-1 inhibitor were mixed in a 2:3 molar ratio and concentrated to 5 mg/ml. Crystals were obtained by submitting a mix of 1 l of protein and 1 l of reservoir solution comprising 0.1 M HEPES, pH 7.0, 25% PEG 1000, 0.3 M NaNO 3 , to hanging drop vapor diffusion at 20°C. X-ray data were collected at ID23-1 at European Synchrotron Radiation Facility, Grenoble at 100 K (wavelength, 0.97942 Å). The data were processed with XDS (18) and scaled with SCALA (19) . The structure of the MASP-1⅐SGMI-1 complex was solved by molecular replacement using PHASER (20) with MASP-1 (PDB ID 3GOV) and a bovine trypsin⅐SGPI-1 complex (PDB ID 2XTT) as search models. The asymmetric unit contains two MASP-1⅐SGMI-1 complexes. For both structures model building was carried out with the program Coot (21) . Both models were refined with Refmac (22) using restrained maximum-likelihood refinement and TLS refinement (23) (TLS groups were defined for the domains of MASP-1 and MASP-2 and for the inhibitors). Individual anisotropic atomic displacement parameters for the MASP-2⅐SGMI-2 complex were refined and riding hydrogen atoms were added to the structure. Non-crystallographic restraints were applied to domains of MASP-1 and SGMI-1. The models were validated using PROCHECK (24) , SFCHECK (25) , and MolProbity (26) . Data collection and refinement statistics are shown in Table 2 . Coordinates were deposited with PDB under reference code 3TVJ and 4DJZ. Analysis of the contact regions was carried out with the CCP4 program and the PISA server (27) . Structural figures were prepared by PyMOL (28) .
RESULTS

Selection of Small Protein Inhibitors against MASP-1 and MASP-2 by Phage Display
We evolved second generation high affinity, high specificity MASP-1 and MASP-2 inhibitors. An inhibitor-phage library was constructed on the scaffold of the reversible serine protease inhibitor SGPI-2 (S. gregaria protease inhibitor-2) belonging to the Pacifastin family of canonical inhibitors (Fig. 1A) (9, 14, 29 -31) to yield SGMI (SGPI-2 based MASP inhibitor) variants. We fully randomized six positions P4, P2, P1, P1Ј, P2Ј, and P4Ј (according to Schechter and Berger (32) ) of the protease binding loop while keeping the structurally indispensable Cys at P3 and P3Ј (Fig. 1A) . The library of 2 ϫ 10 9 clones was selected on MASP-1, MASP-2, and an anti-FLAG-tag antibody. This latter was used to assess display bias as described under "Experimental Procedures." Clones from the third selection cycle were sequenced.
Selected Inhibitor Variants Reveal Characteristic MASPspecific Binding Loop Sequence Patterns
Based on DNA sequencing, 43 of 48 MASP-1 binders, 30 of 40 MASP-2 binders, and 61 of 63 anti-FLAG-tag mAb binders were unique (supplemental Table S1 ). The MASP-1-and MASP-2-selected sequence patterns are illustrated as displaybias normalized (see "Experimental Procedures") sequence logos (13) In phage display studies normalized amino acid frequencies correlate with binding energy contributions of amino acid residues (33) (34) (35) (36) (37) . We designed 4 SGMI-1 and 4 SGMI-2 inhibitor variants (see Table 1 ) derived from the MASP-1-and MASP-2-selected sequence patterns. One of the four variants was the selected consensus, whereas the others were single point mutants of the consensus or of each other. Mutations represented second or third most preferred residue types. The eight inhibitors were expressed in E. coli and purified to homogeneity, and their equilibrium inhibitory constants (K I ) against MASP-1 and MASP-2 were determined ( Table  1) . The highest affinity MASP-1 and MASP-2 inhibitors were named SGMI-1 and SGMI-2, respectively, whereas their variants in descending affinity order were named SGMI1v(a, b, c) and SGMI-2v(a, b, c).
The 7-nanomolar MASP-1 inhibitor SGMI-1 is practically monospecific being 8300-fold less effective on MASP-2. Its 
lations, R free ϭ R factor for a selected subset (5%) of the reflections that was not included in refinement calculations. d Number of residues in most favored/allowed/disallowed regions.
SGMI-1v(a, b, c) variants are 2-4-fold less potent and 3-30-fold less selective.
The 6-nanomolar MASP-2 inhibitor SGMI-2 representing the selected consensus is monospecific, having no measurable effect on MASP-1. The SGMI-2 v(a, b, c) variants are 5-8-fold less potent on MASP-2 and are also less selective, being 2500 -5500-fold less potent against MASP-1 than MASP-2.
Both SGMI-1 and SGMI-2 Are Selective Lectin Pathway Inhibitors
The Wieslab COMPL 300 assay selectively measures the activation of the three different complement pathways (38) . We applied this assay to test the inhibitory properties of SGMI-1 and SGMI-2 on the activation of each complement pathway. While a more complete description of the results is published elsewhere, 8 we note that at 1 M concentration both SGMI-1 and SGMI-2 completely blocked the lectin pathway activation while leaving the classical and alternative routes unaffected.
First Michaelis-like Complexes of Lectin Pathway Proteases
Unlike Structure of MASP-1⅐SGMI-1 Complex, MASP-2⅐SGMI-2 Complex Supports Induced Fit or Conformational
Selection Substrate-binding Model-All previous MASP structures contained the enzyme in uncomplexed form (11, 39) with the substrate binding cleft partially obscured, hindering accurate description of the substrate binding machinery.
We present the 1.28 Å resolution structure of the active catalytic fragment of MASP-2 in complex with the substrate-like SGMI-2 inhibitor (Fig. 2, A and B ; PDB ID code 3TVJ). The structure represents a Michaelis-like complex revealing the active site of the enzyme and the primary binding loop of the inhibitor in canonical configuration. While there is a typical interaction network at the active site, additional contact regions extend over the canonical binding region. This phenomenon is coupled to significant conformation changes both in MASP-2 and SGMI-2 (see the next sections). We note that only transient kinetic analyses can decide whether the observed conformational changes are generated by an induced fit or a fluctuation fit mechanism (40, 41) .
The 3.2 Å resolution structure of the MASP-1⅐SGMI-1 complex (Fig. 2, C and D ; PDB ID 4DJZ, electron density map is Table S1 ). These sequences were used to generate display bias normalized (see in "Experimental Procedures") MASP-1 (B)-and MASP-2 (C)-specific sequence logos. Position heights represent the degree of conservation. Letter heights indicate normalized amino acid frequencies. The two nonrandomized Cys residues in gray show maximum height. Other colors indicate chemical properties of the amino acid groups. The P4-P4Ј positions are numbered from 1 to 8; therefore, position 4 stands for the P1 site.
shown in supplemental Fig. S2 ) also demonstrates an extended binding region, but it is not coupled to any significant distortion in the overall conformation of MASP-1 or SGMI-1. fastin family inhibitors can possess two other ones. The secondary binding region preceding the canonical sequence is a sharp turn (residues 20 -22) , whereas the internal binding region is formed by isolated residues on one face of the inhibitor.
Previous studies have shown that these additional sites function only in group-I Pacifastin inhibitors (31, (42) (43) (44) and not in group-II inhibitors where SGPI-2, the parent molecule of the SGMIs belongs. In fact, the only known exceptions are the SGMIs, which bind to MASPs with all three binding segments (binding regions are shown in Fig. 2, A and B , for MASP-2⅐SGMI-2 complex and Fig. 2, C and D, for MASP-1⅐SGMI-1  complex, respectively) .
High resolution of the MASP-2⅐SGMI-2 structure allows for a complete accurate description of the interactions. The combined area of the three binding sites on SGMI-2 is 1107 Å 2 , representing the largest interface ever observed for a Pacifastin complex. It is 40% larger than typical (715-884 Å 2 ) Pacifastin interfaces. The buried surface area within the complex, 2440 Å 2 , is also the largest one. The contact interface for the MASP-1⅐SGMI-1 complex is similarly large (supplemental Table S2 ).
The secondary binding region of SGMI-2 is more extended (18 -22 instead of 20 -22) than in other related inhibitors. It forms a contiguous interface interacting with and inducing major rearrangement in loop 3 of MASP-2 (loops are labeled as defined in Perona and Craik (45)) (see below).
Extended Binding Site Interactions Result in Bending of SGMI-2-When a secondary binding region interacts with the protease, it binds at the concave edge of the substrate binding groove, which can promote bending of the inhibitor.
SGMI-2 has the most bent Pacifastin structure hitherto observed (Fig. 2E) . Comparison of backbone torsion angles and intramolecular hydrogen bonds of SGMI-2 and its close relative, PMP-C (PDB ID 1GL1 (42)), from their complexes suggests that distortion of SGMI-2 is caused by extended interactions with MASP-2 (supplemental Table S3 ).
SGMI-2 and its parent molecule SGPI-2 differ in only five canonical loop residues. Comparison of the solution structure of SGPI-2 with the bound form of SGMI-2 can therefore model, the conformational changes required in SGMI-2 for binding to MASP-2 (Fig. 2F) . The comparison suggests a significant distortion upon complexation including major conformational changes at both edges of the secondary binding segment. This distortion might be associated with a binding free enthalpy penalty that lessens the affinity of the interaction. As shown in supplemental Fig. S3 , only few stabilizing interactions are identified through the secondary binding segment.
Backbone conformation changes are also detected at residues involved in correct positioning of the P1 residue at the active site (residues 29, 31, and 15; supplemental Table S3 ). All these changes suggest an induced fit or conformational selection mechanism of inhibitor binding. Similar, but lower level conformational adjustments at these two regions were reported for the group-I SGPI-1 binding to crayfish trypsin (44) .
Extended Binding Site Interactions Cause Large Conformational Changes in MASP-2 but Not in MASP-1-All
MASP-2 loops carrying inhibitor contacting residues change their conformation during complex formation (Fig. 2G) . With a few exceptions listed in the next section, enzyme regions contacting the primary binding segment of the inhibitor undergo only minor backbone conformational changes. In the primary binding region of the inhibitor all but two contacts are formed through evolved residues and the backbone of four non-evolved residues. Apparently, topologically focused directed evolution resulted in an optimized primary binding site that ensures high local complementarity to the free structure of MASP-2.
In contrast, loop 3 (residues 602-611) of MASP-2 forming a binding site for the non-evolved secondary binding section and loop C (residues 526 -529) of MASP-2 forming a binding site for the non-evolved internal binding region undergo major conformational rearrangements (Fig. 2G) .
In contrast, in the MASP-1⅐SGMI-1 complex, distortion of the overall conformation of loop regions is negligible; loop 3 undergoes only a minor shift (Fig. 2H) , and bending of the inhibitor is similar to that of PMP-C in complex with the inhibited protease (Fig. 2E) . A possible reason for that is the significantly more open substrate-binding groove of MASP-1. This groove is lined by a shorter loop 3 that appears to contribute to the lower selectivity of MASP-1 for protein substrates.
Conformational Changes Observed at the Primary Substratebinding Site-The canonical P4-P4Ј binding segments on SGMI-1 and SGMI-2 were evolved to bind MASP-1 and MASP-2, respectively, with high affinity. The interactions of this segment on SGMI-2 with MASP-2 are shown in Fig. 3A . As mentioned, most binding regions contacting this segment undergo only small, adjusting conformational shifts. Nevertheless, there are three important exceptions. The two in the MASP-2⅐SGMI-2 complex are as follows. (i) The MASP-2 Arg-630 side chain in the uncomplexed enzyme interferes with the S2Ј site and needs to undergo a major conformational change upon complex formation (Fig. 2G) . A similar change should occur upon complex formation with natural substrates. (ii) The MASP-2 Gln-665 side chain turns inside the enzyme upon complex formation. This conformational change is caused by a shift of Tyr-602 and Tyr-607 upon binding the secondary binding loop (Fig. 3C) . As this loop is characteristic to the Pacifastin family, this conformational change might not be relevant for all MASP-2 complexes. In fact, as explained below, different conformational changes in the two enzymes explain why and how the Pacifastin scaffold can distinguish MASP-2 and MASP-1 in terms of the optimal P1 residue.
Primary Substrate-binding Site Interactions Explain the Two Different Evolved Sequence Patterns
Interactions through P1 Residue-On small peptide substrates MASP-2 slightly prefers a P1 Arg over Lys (12) yet it selected SGMI-2 variants with a dominance of P1 Lys over Arg. In the complex, Gln-665 forms a hydrogen bond with the S1 Asp-627, affecting the hydrogen bond network of the S1 pocket (Fig. 3C) . In this network the P1 Lys of SGMI-2 is in a central position participating in several hydrogen bonds, some mediated by a water molecule. Replacing the P1 Lys (and as a consequence the water molecule) with an Arg could result in a direct bivalent hydrogen bonding of Arg to Asp-627 and Gln-665 without perturbing the hydrogen bond network. This could explain why SGMI-2 variants with either P1 Lys or Arg are potent MASP-2 inhibitors (see the logo in Fig. 1 and affinities in Table 1 ).
MASP-1 is strictly P1 Arg-selective (12), and directed evolution exclusively selected a P1 Arg. In contrast to MASP-2, in the case of MASP-1, an Arg to Lys change at the P1 site should cause a dramatic drop of the inhibitory affinity. Comparison of the uncomplexed and complexed forms of MASP-1 (PDB IDs 3GOV (11) and 4DJZ) can explain the different P1 preference of this enzyme. In MASP-1, Arg-677 corresponds to Gln-665 in MASP-2 (11). In uncomplexed MASP-1, Arg-677 faces inside, forming a self-inhibitory salt bridge with the S1 Asp. The P1 Arg or Lys of the substrate or inhibitor should compete with Arg-677 for binding to S1 Asp. Apparently, only the longer/ better fitting P1 Arg is an efficient competitor. The MASP-1⅐SGMI-1 structure supports this hypothesis; Arg-677 is turned out from the S1 pocket, and P1 Arg of SGMI-1 is the only electrostatic partner of the S1 Asp (Fig. 3D) .
Interactions through Other Evolved Residues-The two MASPs selected highly different patterns. The only exception is the commonly selected wild type Thr at the P2 position, which is strictly conserved in the Pacifastin family (29) . At this position directed evolution recapitulated natural evolution. NMR and x-ray structures demonstrated that this Thr participates in a binding loop-stabilizing hydrogen bond network (42, 46 -48) .
In both MASPs a small binding site is formed for the P2 Thr by adjusting the position of a phenylalanine. Invariant selection of a P2 Thr in SGMI-1 and SGMI-2 is due to the canonical binding loop stabilizing role of the P2 Thr and the highly similar S2 pockets of the two enzymes (Fig. 3, A and B) .
At the less conserved P4 position the two enzymes selected different sets of apolar residues. In both enzymes formation of a small, non-polar S4 pocket by loop 3 is induced by inhibitor binding. Loop 3 folds around the P4 residue and restricts its size. Different sizes and polarities of loop 3 segments in the two enzymes explain the different P4 preferences.
MASP-2 almost exclusively selected a P1Ј Leu, which binds in a hydrophobic S1Ј site on the enzyme. In contrast, MASP-1 exclusively selected a P1Ј Lys, which is also located in a hydro- gray (B) ; accommodation of SGMI-1 (red, evolved segment; magenta, secondary binding segment) in the substrate binding groove of MASP-1 (cyan) is shown in stereo view. C, the S1 substrate binding pocket of MASP-2 (green) is affected by conformational changes induced by the interaction of SGMI-2 (orange) and loop 3 of MASP-2. Uncomplexed MASP-2 is shown in gray for reference (PDB ID 1Q3X). Modeled P1 Arg (blue) is shown in hydrogen-bonding distance from Gln-665. In contrast, in MASP-1, binding of loop 3 has only a minor effect on the S1 site (D); however, binding of P1 arginine of the inhibitor (red) induces removal of the competing arginine of the enzyme (cyan) from the S1 site. Uncomplexed MASP-1 is shown as reference (gray; PDB ID 3GOV).
phobic S1Ј site but is further stabilized by hydrogen-bonding to enzyme backbone oxygen atoms. In the case of MASP-1, a P1Ј Leu would clash with the 475-491 disulfide bridge.
At the P2Ј position MASP-1 selected aliphatic residues, dominantly Leu, whereas MASP-2 selected only Trp or Tyr. In both enzymes a hydrophobic S2Ј site is formed by loop D. The S2Ј site of MASP-2 is large but shallow, preferring aromatic P2Ј residues, whereas the homolog MASP-1 site accommodates only smaller side chains (Fig. 3, A and B) .
Finally, different sizes and compositions of loop A determines different P4Ј preferences of the two enzymes. At the P4Ј position MASP-1 preferred apolar, whereas MASP-2 preferred polar residues. The P4Ј Asn of SGMI-2 is stabilized by a hydrogen bond network formed with loop A of MASP-2 (Fig. 3A) . The P4Ј Tyr of SGMI-1 is located in a wider binding pocket and interacts with polar and hydrophobic residues (Fig. 3B) .
DISCUSSION
MASP-1 and MASP-2 have no exclusive natural substrates or inhibitors of their own. MASP-1 shares C2 with MASP-2 and C1s, whereas it shares its other substrates fibrinogen, factor XIII and the PAR-4 receptor with thrombin (12, 49, 50) . The more selective MASP-2, which in addition to C2 cleaves only C4, shares this latter substrate with C1s (51). Moreover, the substrate-like serpin-type C1 inhibitor inhibits MASP-1, MASP-2, C1s, C1r, factors XIa and XIIa and plasma kallikrein (52) .
It was, therefore, unlikely that based on a substrate-like inhibitor scaffold, monospecific MASP-1 and MASP-2 inhibitors could be evolved. In a previous study we already demonstrated that highly selective MASP-2 inhibitors can be evolved on an SFTI scaffold, but we could not evolve a selective MASP-1 inhibitor (8) .
In this study using the larger SGPI scaffold the evolution led to an enzyme-selective and extreme reduction of combinatorial sequence space at the 4 central loop positions P2-P2Ј. Of the 20 4 ϭ 160,000 combinations, only 8 were selected by both enzymes. At the two outermost positions, P4 and P4Ј preferences were less pronounced but still enzyme-specific.
Indeed, based on these patterns, we produced SGMI-1 and SGMI-2, a pair of monospecific MASP-1 and MASP-2 inhibitors, respectively. Through these inhibitors we have shown that the protease domains of both MASP-1 and MASP-2 have unique binding surfaces with a previously hidden, unexpected capacity of monospecific molecular recognition. This suggests that even small molecules might selectively inhibit MASP-1 and MASP-2, opening new opportunities for selective drug development.
Using these monospecific inhibitors as unique research tools, we obtained significant new insights in the relative functional importance of MASP-1 and MASP-2 in lectin pathway activation. Moreover, we also solved the first Michaelis-like complexes of the two enzymes, leading to a better understanding of the differing modes of binding partner recognition by the two MASPs.
In terms of structural insights we found that loop plasticity facilitates MASP-2 binding to inhibitor segments not evolved to interact with the enzyme. Apparently, MASP-2 can adjust its structure to macromolecular substrates using binding elements outside the canonical binding groove. Natural substrates of MASP-2 differ at their P4-P3Ј regions and yet, MASP-2 recognizes them highly selectively. The observed loop plasticity could play a major role in that selective recognition and as explained below, the same interactions could induce functionally important conformational changes in or require such changes from the selective substrates. A similar structural accommodation was not observed with MASP-1 having a significantly more open substrate-binding groove and shorter loop3 than MASP-2. We also showed that high level structural plasticity of both partners was required for MASP-2 binding the substrate-like SGMI-2.
Natural substrates of MASP-2, C2 and C4 are highly selective in the sense that only a few additional serine proteases can cleave them. The classical pathway protease C1s cleaves both C2 and C4, whereas MASP-1 cleaves C2.
This remarkable resistance of C2 and C4 against other trypsin-like enzymes suggests that both need to go through functionally relevant conformational changes to become substrates. These changes are either induced, or the productive conformations are stabilized by only upon binding to the adequate protease. The major conformational change observed in the substrate-like SGMI-2 could be an indication of analogous conformational changes induced in natural substrates.
The observed structural plasticity puts MASP-2 among the growing set of complement proteases for which an induced fit mechanism had been suggested, as an analog mechanism of "substrate-induced catalysis" was proposed for the activation of factor D (63), factor B (64), and C2 (65) . In fact, it appears that for complement proteases induced fit could be the general mechanism facilitating highly selective substrate recognition.
Our unique Michaelis-like complex structure of MASP-2 also provides an experimental measure on the level of structural plasticity of the enzyme. The structure of both MASP complexes will guide further directed evolution and rational design studies to yield affinity-matured next generation SGMI inhibitors or in fact other unrelated inhibitors. In terms of structural understanding of molecular recognition, it is also noteworthy how directed evolution yielded scaffold dependent optimal sequence patterns of the canonical binding loop.
In a previous study we evolved SFTI-based MASP inhibitors SMFI-1 and SMFI-2 (8). Regardless of whether being selected on MASP-1 or MASP-2, all SFMI inhibitors evolved an identical Ser-Arg-Ser P2-P1-P1Ј segment. In contrast, directed evolution on the SGPI-2 scaffold resulted in a different solution at all three analogous positions. This is quite unexpected because the binding loop conformation of reversible inhibitors at the P2-P1-P1Ј segment is canonical, i.e. practically identical. The differences can be rationalized as follows.
The S2 sites of MASP-2 and MASP-1 are highly similar. A small shift of a Phe is needed to form a more open S2 site facilitating the accommodation of P2 Thr. This Thr is fully conserved in the inhibitor families of SGMIs and SFMIs due to its role in inhibitor structure stabilization. While directed evolution of SGMIs recapitulated natural evolution, for SFMIs it delivered a Ser at this site that is smaller but is still capable to stabilize the inhibitor conformation through hydrogen bond-ing. Apparently, the smaller SFMI inhibitors do not induce the necessary shift of the Phe residue to accommodate the methyl group of a P2 Thr.
As was shown, the SGPI scaffold allowed for MASP-1/2-selective evolution of a P1 Arg or P1 Lys, respectively, due to an allosteric change of the S1 pocket environment induced by the secondary binding loop. In contrast, the SFTI scaffold invariantly yielded a P1 Arg. The SFTI scaffold lacks any extended binding sites and, therefore, cannot provide any distorting effect on the S1 site. This can explain why the P1 Lys versus Arg discrimination did not show up on the SFTI scaffold.
On the SFTI scaffold the P1Ј Ser is engaged in an indispensable canonical loop-stabilizing hydrogen bond network. Consequently, this position was selected back as wild type Ser, which is unable to utilize the S1Ј site of the enzyme. This notion foretold that different scaffolds not engaging the P1Ј for scaffold stabilization should provide room for higher affinity and specificity. Indeed, on the SGPI scaffold MASP-1 and MASP-2 selected highly conserved and very different P1Ј residues that should contribute to the great selectivity of SGMI-1 and SGMI-2. All these findings suggest that the present understanding of how reversible serine protease inhibitors function needs to be refined.
In terms of major functional insights we showed that both SGMI-1 and SGMI-2 completely and highly selectively blocked the lectin pathway activation while leaving the classical and alternative routes unaffected. This pathway selectivity means that the SGMIs do not inhibit the classical pathway initiator proteases C1r and C1s, nor C2 or the alternative pathway proteases fB and fD and do not inhibit the C3 and C5 convertases either. MASP-2 is a well established key component of lectin pathway activation (53, 54) ; therefore, SGMI-2 was expected to completely block the pathway.
On the other hand, MASP-1 had been considered as an auxiliary component, and therefore, its inhibition predicted only partial pathway blockage (55) . Yet, to our greatest surprise, the highly selective SGMI-1, which does not inhibit MASP-2, completely arrested the lectin pathway.
This finding clearly shows that MASP-1 is not an auxiliary component. Just like MASP-2, MASP-1 is also an indispensable component of the lectin pathway. In normal human serum without MASP-1 activity, MASP-2 cannot activate the pathway.
This notion is in sharp contrast with previous studies that using either MASP-1-depleted serum (56) or MASP-1 knockout animals (57) showed that MASP-2 is an autonomous activator of the lectin pathway. We suggest that this apparent discrepancy is due to the non-physiologic nature of the depletion and knock-out experiments.
In our experiment we used normal human serum and in situacting selective inhibitors. In contrast, MASP-1 depletion or MASP-1 knock-out experiments result in the complete removal of the enzyme from the serum. This allows for filling up its vacancy both in topological as well as in functional terms by other serum components masking the functional importance of the removed MASP-1.
We have conducted carefully designed experiments to pinpoint the exact mechanistic role of MASP-1 in lectin pathway activation to establish a corrected model of the pathway. 8 Without going into details we suggest that in the MASP-1 depletion and knock-out experiments MASP-2 can partially substitute for the missing MASP-1 component.
It was recently shown in animal studies that blocking the lectin pathway by the removal of MASP-2 from the serum either through gene knock-out or antibody-based depletion protects against ischemic reperfusion injury provoked by experimentally induced heart attack (57). This identified MASP-2 as a highly promising therapeutic target. (Note that as MASP-2 can cleave both C2 and C4 while MASP-1 can cleave only C2, MASP-1 cannot substitute for the removed MASP-2 component. Thus, the MASP-2 removing experiments do not generate a substitutable niche for MASP-1). We note that due to its central role identified in this study, MASP-1 is an equally relevant therapeutic target, and both SGMI-1 and SGMI-2 should be promising lead molecules of subsequent drug development.
In recent years the complement system has been recognized as an attractive target for drug development, and much effort has been devoted for developing complement inhibitors. Phage display was used to generate compstatin, a powerful peptide inhibitor that binds to C3 and inhibits the common central step of the complement cascade (58) . Another phage display-selected inhibitor is complin, which targets factor B and C2 and consequently inhibits all the three pathways (59). Pathway-selective inhibitors were also developed by interfering with the interaction between the pattern recognition molecules (e.g. C1q, MBL) and their targets (60, 61) .
Our approach was to selectively block individual serine proteases of the lectin pathway. Previously several attempts had been made to develop low molecular weight inhibitors against complement serine proteases, but those compounds showed low selectivity (62) .
Our SGMI-1 and SGMI-2 inhibitors are monospecific, and both are able to selectively arrest the lectin pathway. These inhibitors are invaluable tools for deciphering the mechanism of complement activation and for clarifying the roles played by MASP-1 and MASP-2 in disease models.
